The E. coli RND transporter MdtEF-TolC is a tri-partite efflux pump that exports toxic substances. Little is 8 known of the full range of substrate specificity of the anaerobic efflux pump, but MdtF shares similar 9 homology and substrate specificity to the major RND efflux protein AcrB. To determine the substrate 10 range of the anaerobic efflux pump MdtEF-TolC, E. coli mutants were exposed to 210 different biocides, 11 and growth was monitored. This approach was used to validate AcrAB-TolC substrates and discover new 12 chemicals transported by the major antibiotic efflux protein. Results showed that overexpression of 13
Introduction 28
E. coli expresses multi-drug efflux proteins in response to intracellular toxin accumulation. These pumps 29 are of the Resistance Nodulation Division (RND), ATP-Binding-cassette (ABC-type), multi-drug and toxic 30 compound extrusion (MATE) and small multi-drug resistance (SMR) types. The major multi-drug efflux 31 protein, AcrAB-TolC, is an RND pump responsible for extrusion of a number of chemicals, including bile 32 salts, hormones, and antibiotics. The other six RND efflux pumps (CusCFBA, AcrEF, AcrD, MdtEF, and 33 YegMNO) also work to export monovalent cations (CusCFBA), copper and zinc (AcrD), aminoglycosides 34 (AcrD), and those similar to AcrAB (YhiUV and AcrEF) (1-6). The substrates of MdtEF (also known as 35
YhiUV)-TolC are limited in scope, but are similar to the major multidrug efflux pumps AcrAB-TolC of E. 36 coli and MexAB-OprM in Pseudomonas aeruginosa. They include the steroid hormones, deoxycholate, 37 cationic detergents, crystal violet, ethidium, and erythromycin, reviewed in (7). A protein blast of MdtF 38 (Accession P37637) the inner membrane protein of the RND complex responsible for substrate 39 recognition and binding, is most homologous to AcrB (71% identity) and MexB (63% identity, 40 unpublished, our work). The protein identity is indicative of similar substrates across protein classes and 41 bacteria species. 42
While AcrAB-TolC is the major multidrug efflux pump that is constitutively expressed in E. coli, the role 43 of YhiUV-TolC is complex. GadX, a regulator of acid resistance, can induce MdtF expression through 44 GadE (8, 9) (10, 11). MdtEF is also regulated by ArcA under anerobic growth (8). MdtEF is expressed 45 differentially during lag and stationary growth, and under toxic stress (12). Our previous work showed 46 that the environmental pollutants 17-ethynylestradiol, bisphenol A and nonylphenol induce expression 47 of both AcrB and MdtF (13). The pump has been termed the anaerobic efflux pump due to increased 48 expression and efflux in anaerobic conditions (8, 9, 14) . 49
In this work, we determined the substrates of MdtF and AcrB using a high-throughput antimicrobial 50
screen. E. coli mutants (Table 1) 
58
Overexpressed AcrAB. The classes of chemicals transported by AcrAB-TolC are shown in Table 2 and 59 many have been reported elsewhere (3, 7, 15 Overexpressed MdtF. The screen showed that MdtF substrates were the same substrates as AcrB (Table  67 3), but were limited to cationic biocides. Growth was two-fold greater than control for overexpressed 68
MdtEF for cationic detergents, macrolides, the metal chelators clioquinol and sanguinarine, 2,4-diamino-69 6,7-diisopropyl-pteridine, amitryptiline, the phenothiazines (efflux pump inhibitors), pridinol, 70 chelerythrine, crystal violet, and cefmetazole. There were no differences in substrate specificity at t = 16 71 hours for E. coli grown aerobically or anaerobically growth, except that anaerobically cultures grew 72 slower. The slower growth was accounted for by determining relative growth, where OD600 was 73 normalized to bacteria grown with no antibiotics. Closer analysis of the chemicals that were substrates of the pump MdtEF and not AcrAB showed a trend 88 according to structure and chemical property. We looked further at properties of the AcrAB substrates 89 using the Chemicalize computational database (16, 17) , focusing on the pKa, structure, and charge at 90 test pH. We found that the substrates of MdtEF are also the substrates of AcrAB that have a +1 charge 91 (Figure 2) . A statistical analysis of the charge of MdtEF versus AcrAB substrates showed that the 92 anaerobic efflux pump exports primarily cations, while AcrAB has broad substrate specificity. There were 93 exceptions to the +1 charge rule (n = 2), however the average charge for AcrAB chemicals and that for 94 Due to substrate similarity and known homology between various RND inner membrane proteins, the 101 sequences of MdtF (accession P37637) and AcrB (accession P31224) were compared (18). Protein 102 alignment showed 71% identity, 84% positives, and two gaps (Supplemental file S1). The periplasmic 103 domain (residues 33-335) alignment also showed homology, with 67% identity, 83% positive, and no 104 gaps. The isoelectric points (19) within this region were the same at 4.4. A second periplasmic region 105 (residues 565-871 of AcrB) showed differences between the two proteins, but the overall isoelectric 106 points (pI) for MdtF and AcrB are 4.9 and 4.8 with 65% identity and 79% positives. Generally, the 107 proteins exhibit similar chemistries, however, there are specific regions within the bulk protein that 108 require further analysis based on in silico studies of AcrB channels (20) . 109
Looking closer at the distal pocket, proximal pocket, and external cleft, identified as essential binding 110 regions in AcrB (20), surface residues were aligned with MdtF, which displayed similar homology overall 111 (Table 3) . However, slight differences in the distal pocket suggest the local chemistry may play a role in 112 substrate specificity. MdtF residues lining the distal pocket were more acidic (pI = 3.1) than AcrB (pI = 113 4.0). Further, AcrB residues were more diverse, covering polar, aliphatic, neutral, aromatic, and positive 114 amino acid classes, while the MdtF surface was restricted to polar, aliphatic, and neutral residues. At pH 115 = 7.4, the charge of MdtF surface residues was -3, while the charge of AcrB was -2. It has been reported 116 that the distal pocket is responsible for substrate specificity and direct interactions between protein and 117 substrate, and our results show that may be so in MdtF as well. With respect to other essential binding 118 regions, differences were observed in the proximal pocket, however the amino acid classes were 119 maintained over the four residues, with no change in the isoelectric point. The external cleft surface 120 sequence and pI between AcrB and YhiV were the identical. 121 Table 3 . Binding domain alignment. Critical residues extracted from AcrB (described in (20) anionic detergents (13, 15) . In this work, two neutral/anionic species were substrates of MdtEF-TolC: 129 Niaproof (anion) and 2,4-Diamino-6,7-diisopropyl-pteridine (neutral). Niaproof is an anionic detergent 130 similar in structure to sodium dodecyl sulfate (SDS), also transported by MdtEF. 2,4-Diamino-6,7-131 diisopropyl-pteridine (neutral) possesses two basic amino functional groups attached to the pteridine 132 ring that were not assigned pKa values by Chemicalize. These amino moieties likely are charged with pKa 133 values lying in physiological pH, but the structure would need to be fully analyzed with a more robust in 134 silico approach. 135
Further, not all cationic substrates of AcrAB were substrates of MdtEF with this screen. In fact, four of 136 the listed cationic substrates of AcrAB were expected to be substrates of MdtF: the similarly structured 137 acriflavine, 9-aminoacridine and proflavine, and the glycopeptide phleomycin. The former are 138 antiseptics that are substrates of at least five other membrane-bound transporters in E. coli (2, (21) (22) (23) , 139 and to truly study conferred resistance in a live host, multiple gene deletions are likely needed. 140
Phleomycin on the otherhand, is a polyprotic glycopeptide with a +1/+2 charge at neutral pH values, and 141 is predominantly neutral at pH = 7.7. An E. coli efflux pump does exist for glycopeptides (AmpG) (24), 142 and perhaps this protein more efficient at phleomycin removal than the presence of MdtF. 143
Our analysis suggests that pH, which determines acid-base speciation and surface charge of the distal 144 pocket, plays a role in MdtF substrate specificity. Isoelectric point analyses showed that the MdtF 145 surface charge is more negative than AcrB. This would allow stronger electrostatic interactions to occur 146 between the channel and cationic substrates. The pKa also determines whether the analyte is charged at 147 a given pH. Twenty-five out of 27 (93%) of the confirmed substrates of MdtEF were cations. However, 148 the two anion/neutral biocides, along with other reported human hormones (neutral) and bile salts 149 (carboxylic and sulfonic acids) are exported. This may be due to a redundancy in substrate specificity 150 since hormones and bile salts are known substrates of the AcrAB-TolC system (2, 25, 26) . Bile salts cause 151 widespread protein unfolding and disulfide stress in E. coli (27) . MdtEF might export such compounds as 152 a response to this added stress. The MdtEF structure may also be responsible for waste metabolite 153 exportation (28). MdtEF may recognizes metabolites from carbon metabolism which may be why some 154 neutral compounds are exported as well. Further studies are needed to explore these variations in 155 substrate specificity. 156
In this work, we used a high-throughput method to determine MdtEF substrates, which were primarily 157 cationic biocides derived from AcrAB-TolC analytes. Using two-fold growth as a metric for assessing 158 sensitivity, we validated previously published substrates, and discovered new substrates. Collectively, 159
we were able to demonstrate that the presence MdtEF-TolC renders E. coli less sensitive to cationic 160 biocides, suggesting the role of MdtEF-TolC as a proton/cation antiporter. The significance of these 161 findings are that under acidic conditions, the lower pI of essential binding residues in the distal pocket 162 would deprotonate, allowing for stronger interactions between cation and anion. These findings suggest 163 that acidic conditions influence the transport of cationic substrates for the exporter MdtEF. 164
Materials and Methods 165
Strains and plasmid descriptions and sources are found in Table 4 . Electrocompetent E. coli W4680 166 where 10 mM nitrate was supplied in LB media as the terminal electron acceptor in LB media. Optical 172 density ( = 600 nm) was recorded at t = 0 and at t = 16 hours using a platereader (Biotek). Relative 173 growth was calculated as OD600,antibiotic growth/OD600,no chemical growth. 174
Chemical data were extracted from the Chemicalize database . pKa was not a property for all biocides, 175 as some chemicals did not possess acidic hydrogens. The pKa (pKa = -log of Ka, the acid dissociation 176 constant) was compared to the test pH (pH = 7.2) to estimate the biocide charge. 177 Data Interpretation. Masses present in Biolog's pre-plated assays are proprietary, however the span of 180 the four concentrations were relevant for studying E. coli toxicity, as we observed full growth and no 181 growth over the four concentrations for nearly all analytes, with the exception of tetrazolium violet and 182 puromycin, which were toxic. However, we could not determine the MIC nor the fold-difference 183 concentration from the panel, a method typical of analyzing conferred resistance. Rather, we 184 interpreted results by comparing growth at 16 hours for gene insert and empty vector plasmid. 185
Chemicals were considered substrates of the efflux pump if the growth of the strain with the pump 186 insert was 2-fold greater than the plasmid control for the same chemical concentration in the 187 corresponding well. 188
